Background {#Sec1}
==========

There is currently no approved vaccine against HIV despite considerable efforts in vaccine research and clinical trial. Given the important role of mucosal surface as the port of entry for HIV, effective immunization strategies should be those that elicit significant immune responses at mucosal sites. While intramuscular(i.m) injection has been proven useful for stimulating systemic immune responses, it induces poor responses at mucosal surfaces \[[@CR1]\]. Vaccine delivery via mucosal route provides potential opportunities for induction of effective mucosal responses. When administered in combination with systemic vaccination, mucosal immunization, including oral \[[@CR2]\], intranasal (i.n.) \[[@CR3], [@CR4]\] as well as intravaginal (IV) routes \[[@CR5], [@CR6]\], has been proven highly potent in inducing effective mucosal immune responses.

Intensive studies have been conducted to develop and investigate potent mucosal adjuvants for improved vaccine potency. Several stimulatory molecules are suggested as effective adjuvants to enhance mucosal immune response, these including cholera toxin, *Escherichia coli* heat-labile toxin, CpG motif, and cytokines \[[@CR7]--[@CR9]\]. However, to date no licensed immunopotentiating mucosal adjuvant is available. Chemokines are a group of small proteins that play important roles in innate and acquired immunity by regulating inflammation, leukocyte trafficking, and immune cell differentiation \[[@CR10]--[@CR12]\]. Chemokine (C-C motif) Ligand 20 (CCL20), also known as Macrophage Inflammatory Protein (MIP)-3-alpha or Liver Activation Regulated Chemokine (LARC), has been shown to be expressed constitutively in variety of normal human mucosa-associated tissues, especially in the mucosal epithelial cells. CCL20 plays an important role in mucosal homeostasis through attraction of immune cells including DC, T and B-lymphocytes \[[@CR13], [@CR14]\]. Meanwhile, CCL20 itself is regulated. For instance, the presence of inflammatory mediators promotes the up-regulation of CCL20 in mucosal epithelial cells \[[@CR15], [@CR16]\]; other studies have also demonstrated that the colonic epithelial cells from patients with inflammatory bowel disease produce higher level of CCL20 \[[@CR17], [@CR18]\].

Neutralization of CCL20 expression by its monoclonal antibody has been shown to reduce T cell recruitment \[[@CR19]\]. This finding demonstrates that CCL20 contributes to the enhanced recruitment of its potential target cells, which are known to home preferentially to these sites of continuous antigen-challenge, such as the epithelial mucosal surface \[[@CR20]\]. Given the important physiological roles of CCL20 in immune regulation, leukocyte trafficking and immune cell differentiation, we set out to find out whether such biological functions could be employed to enhance mucosal immune response, especially these against HIV immunogen. In this study, CCL20 has been incorporated into HIV Env Virus-Like Particles (VLPs) and its immunomodulatory role was investigated.

Methods {#Sec2}
=======

Generation of rBVs expressing membrane-anchored CCL20 and Env {#Sec3}
-------------------------------------------------------------

Con-s Env used in this vaccine strategy is a derivative of Con-s gp145CFI and an engineered HIV-1 group M consensus envelope gene with shortened consensus variable loops, designed to induce broad and cross-reactive HIV envelope immunity \[[@CR21]\]. To produce the membrane-anchored CCL20, glycosylphosphatidyl-inositol-GPI domain were fused with CCL20-encoding gene in frame by overlapping PCR \[[@CR22]\]. In addition, the coding DNA sequences of mellitin signal peptide were added to the N terminal of CCL20 and Env. The *ccl20, env or gag* gene was cloned into pFastbac1 and tranformed into *Escherichia coli* DH10 competent cells to generate the recombinant bacmid containing individual target genes, then used to transfect sf9 cells to produce recombinant baculovirus expressing protein CCL20, Env or Gag. Recombinant Baculovirus (rBVs) expressing CCL20, Env or Gag were generated using Bac-to-Bac expression system (Invitrogen, Carlsbad, USA) following the manufacturer's protocol.

Production and characterization of HIV VLPs {#Sec4}
-------------------------------------------

Four different HIV VLPs including Gag VLPs (control as baseline Env - associated immunity in the absence of Env or Env-CCL20), Gag/Env VLPs (standard VLPs), Gag/Env/CCL20 (chimeric VLPs, cVLPs), Gag/Env-CCL20 (standard VLP mixed with soluble CCL20) were produced by insect cell (sf9) expression system. For cVLPs, sf9 cells were co-infected with three rBVs expressing HIV Env, GPI-CCL20, and Gag at the MOI of 3:1:1. Standard VLPs were produced by co-infection of sf9 cells with rBVs expressing Env and Gag. Gag VLPs were produced by infection of sf9 cells with rBVs expressing Gag. After 48 h infection, the culture supernatant was collected and VLPs were concentrated by porous fiber filtration using the Quixstand benchtop system (GE Healthcare, Uppsala, Sweden) followed by sucrose density gradient ultracentrifugation as described previously \[[@CR22]\]. The protein composition of VLPs was characterized by western blotting using antibodies against Gag, Env and CCL20 (R&D system), respectively. VLP protein concentration was determined by ELISA in which purified proteins were used to generate the quantitative standard curve. Bio-Rad protein assay (Bio-Rad laboratories, Inc., Hercules, USA) was used to quantify the yield of total protein in VLP.

Immunization of mice and sampling {#Sec5}
---------------------------------

Female BALB/c mice (6--8 wk. old) were purchased from Beijing HFK Biotechnology (Beijing, China) and separated into three groups according to different vaccine administration routes. Group 1, mice were immunized by one i.m prime followed by two i.m boosts with HIV VLPs at intervals of 4 weeks. Group 2 or 3 mice were immunized by a single i.m prime followed respectively by two i.n or IV boosts with HIV VLPs at intervals of 4 weeks. Within each of these groups, mice were further divided into four subgroups (10 mice/subgroup) and immunized by different HIV VLPs (Table [1](#Tab1){ref-type="table"}). On average, mice in the Gag only VLP immunized group were immunized with 100 μg of total protein. Standard and chimeric VLPs were administered by doses containing 10 μg Env. One dose of CCL20-containing VLP (chimeric VLPs) or standard VLPs with soluble CCL20 contained approximately 1.5 μg of CCL20. Two weeks after each immunization, blood samples were collected by retro-orbital plexus puncture, and sera samples were collected from the non-anticoagulated blood following a brief centrifugation at 3000 rpm for 5 min. The collected sera were stored at −20 °C until further analysis. The vaginal lavages were collected by lavaging 200 μl of PBS intravaginally using oral feeding needles. Samples were briefly centrifuged and the supernatant was filtered through a 0.22 μm filter and stored at −80 °C until further analysis.Table 1Immunization Regimens and ScheduleGroup 1Group 2Group 3Boost Routei.m.i.n.IVGag VLPsGag VLPsGag VLPs,4 Subgroups (10 mice/subgroup) Based on VaccineGag/Env VLPs\
Gag/Env/CCL20 VLPs\
Gag/Env-CCL20 VLPsGag/Env VLPs\
Gag/Env/CCL20 VLPs Gag/Env-CCL20 VLPsGag/Env VLPs,\
Gag/Env/CCL20 VLPs\
Gag/Env-CCL20 VLPsScheduleOne i.m prime followed by two i.m boosts at intervals of 4 weeksOne i.m prime followed by two i.n. boosts at intervals of 4 weeksOne i.m prime followed by two IV boosts at intervals of 4 weeksAnti-CCL20 IgGThree hours after each immunizationThree hours after each immunizationThree hours after each immunizationThe mice were separated into three groups according to administration routes. Group 1, mice were immunized by one i.m prime followed by two i.m boosts with HIV VLPs. Group 2 or 3 mice were immunized by a single i.m prime followed respectively by two i.n or IV boosts with HIV VLPs. Within each of these groups, mice were further divided into four subgroups and immunized by different HIV VLPs

To explore the role of CCL20 in intestinal homing of plasma cells, part of immunized mice in different immunization groups were intraperitoneally treated with monoclonal anti-CCL20 IgG 25 μg (R&D system) (R&D system) three hours after each immunization.

The animal experiments was approved by the Ethics Committee of Jiaxing University. The committee's reference number was No. JUMC2016--001. All manipulation of the mice satisfied the requirements of the Regulations of Experimental Animal Administration of China.

Measurement of Env-specific ab titers {#Sec6}
-------------------------------------

To determine HIV Env specific IgG and IgA antibody response, ELISA assay was performed as described previously \[[@CR23]\]. ELISA plates (NUNC MaxiSorp, Thermo scientific) were coated with Con-s Env protein (5 μg/ml, 50 μl/well) overnight. Plates were washed three times with PBS plus 0.05% Tween-20 and blocked with 1% BSA (Sigma, St Louis, USA) in PBS for 1 h at 37 °C. Following washes, serial dilutions of samples were added to the plate and incubated for 1 h at 37 °C. For IgG detection, goat HRP-conjugated anti-mouse IgG antibody (Jackson Immuno-Research, West Grove, USA) was added and incubated for 1 h at 37 °C. For IgA detection, goat HRP-conjugated anti-mouse IgA antibody (Sigma, St Louis, USA) was added and incubated for 1 h at 37 °C. Second antibody were diluted at 1:2000. After thorough wash, the tetramethylbenzidine (TMB, R&D Systems, USA) was added and the OD value was read in an ELISA plate reader using a test wavelength of 450 nm. The highest dilution factor that gives an OD 450 of twice that of the naive sample at the dilution was designated as the antibody end point titer.

Isolation of lamina propria lymphocytes {#Sec7}
---------------------------------------

Two weeks after the final immunization, mice were anesthetized and sacrificed. Lymphocytes were prepared from intestinal lamina propria as previously described \[[@CR24]\]. Intestinal sections were opened longitudinally, cut into 0.5-cm pieces, and washed twice in calcium- and magnesium-free PBS. The pieces were transferred to 75-ml tissue culture flasks containing 30 ml of Hanks' balanced salt solution (HBSS; Gibco BRL, Grand Island, USA) containing 0.75 mM anhydrous ethylenediamine tetraacetic acid (EDTA) (Sigma, St. Louis, USA), 100 U/ml penicillin, 100 mg/ml gentamicin, 25 mM HEPES buffer, and 5% fetal calf serum (FCS). Flasks were incubated at 37 °C with rapid shaking (300 rpm) for 30 min, fresh HBSS--EDTA was added to the intestinal pieces, and the process was repeated at least twice. LPL were collected by cutting the remaining intestinal segments into 1- to 2-mm pieces using paired scalpel blades, and the fragments were transferred to sterile 75-mm tissue culture flasks with RPMI 1640 medium containing 15 U/ml collagenase (type II, Sigma, St Louis, USA), penicillin, gentamicin, HEPES buffer, L-glutamine, and 5% FCS. The flasks were incubated at 37 °C for consecutive 30-min intervals. At the end of each interval, intestinal pieces were further disrupted by pumping the pieces up and down 15 times in a 10-ml pipet. The medium (containing LPL) was separated from the remaining tissue fragments, washed in RPMI-5, and stored on ice 5 min. This process was repeated three times, until the intestinal pieces had completely dissociated into small fragments. The lymphocytes were enriched by discontinuous Percoll (Sigma, St Louis, USA) density gradients, which were prepared by 2 ml of 60% Percoll (*v*/v, diluted in RPMI-1640 topped with 2 ml of 35% Percoll (*v*/v, diluted in RPMI-5) in 15-ml centrifuge tubes. The LPL cell preparations were resuspended in 10 ml of RPMI-5, layered on the Percoll gradients, and centrifuged at 800 g for 20 min at 4 °C. The interface between the 35% and 60% gradients (containing the lymphocytes) was collected by careful pipetting. Cells were then washed in 50 ml PBS, counted and resuspended in RPMI-5 at 1 × 10^7^ cells/ml on ice until use. All lymphocytes were \>90% viable by trypan blue exclusion. These cells were used immediately for ELISPOT assay.

ELISPOT {#Sec8}
-------

Total IgA ASCs and HIV Env-specific IgA ASCs were analyzed by ELISPOT a previously established protocol \[[@CR25], [@CR26]\]. Nitrocellulose 96-well plates (Multiscreen 96-well filtration Plate; Millipore, Billerica, USA) were coated with 5 μg/ml polyclonal goat anti-mouse IgA (Kirkegaard & Perry Laboratories, Gaithersburg, MD) or Env protein in PBS at 4 °C overnight. After washing and blocking with RPMI 1640 containing 10% FCS, LPL cells were suspended in RPMI 1640 and added to wells, and incubated at 37 °C overnight in humidified air with 5% CO~2~. After washing with PBS, 100 μl of biotinylated polyclonal anti-mouse IgA (Kirkegaard & Perry Laboratories) at 100 ng/ml in PBS containing 10% FCS was added to each well and incubated at room temperature for 2 h. After washing with PBS containing 10% FCS, each well was added with 100 μl of streptavidin-HRP in PBS containing 10% FCS and incubated at room temperature for 1 h. For color development after washing with PBS, peroxidase substrates were added, and the numbers of spots per well were counted under an inverted microscope.

Cytokine assays {#Sec9}
---------------

Env-specific IFN-γ, IL-4 and IL-5 production were measured in the supernatants from lamina propria T cells after ex vivo re-stimulation with Env using commercial ELISA kits (R&D system, Minneapolis, USA) and following manufacturer's procedures \[[@CR27]\].

Results {#Sec10}
=======

Characterization of HIV VLPs {#Sec11}
----------------------------

HIV standard and chimeric VLPs were produced by baculovirus expression system in insect cells. Gag only VLPs was observed to have a molecular mass of about 57 kDa as shown in Fig. [1a](#Fig1){ref-type="fig"}, Env (with heterologous TM/CT domains from the MMTV) incorporated into the standard VLP (Gag/Env) and chimeric VLPs (cVLPs, Gag/Env/CCL20) was observed to have a molecular mass of about 120 kDa as shown in Fig. [1b](#Fig1){ref-type="fig"}, indicated by arrow. The membrane anchored CCL20 is predicted to have a molecular mass of about 11 kDa, which was seen in cVLPs as shown in Fig. [1c](#Fig1){ref-type="fig"}.Fig. 1Characterization of HIV VLPs. Western blotting analysis of the protein component of HIV VLPs. The VLPs samples were loaded on SDS-PAGE followed examination by western blotting. Protein bands were probed with anti-HIV Gag antibody (panel **a**); anti-gp120 antibody (panel **b**); anti-CCL20 antibody (panel **c**); Lane 1, Gag only VLPs; lane 2, standard VLPs; lane 3, chimeric VLPs. M, molecular weight (kD). the Target bands were indicated by arrows

System and mucosal immune response {#Sec12}
----------------------------------

To determine if immunization with CCL20 could enhance systemic and mucosal immune responses, serum and mucosal samples were evaluated for Env-specific IgG and IgA titers by ELISA with Env gp120 as coating antigens. As shown in Fig. [2](#Fig2){ref-type="fig"} panels a-c, cVLPs containing Gag, Env and membrane anchored CCL20 (Gag/Env/ccl20) elicited significantly higher levels of systemic IgG and vaginal IgA/IgG responses as compared to standard VLPs (Gag/Env) without CCL20. For instance, specifically, mice boosted by i.n. with cVLPs achieved between 9 and 10-fold higher IgG titers (endpoint titers, 41,000) than mice from the Gag/Env group (endpoint titers, 4050, \**p* = 0.0212) and mice from Gag/Env-CCL20 group (endpoint titers, 4550, \**p* = 0.0265) Fig. [2a](#Fig2){ref-type="fig"}. These data also suggested that simply mixing purified CCL20 with standard VLPs (Gag/Env-ccl20) showed no significant improvement on either systematic or mucosal antibody responses. Therefore, CCL20 in its VLP-incorporated form rather than the soluble form was an effective adjuvant that enhanced both systemic and mucosal immune responses. As a note, no IgA was detected in serum samples.Fig. 2Systemic and mucosal Ab responses against HIV-gp120. The mice were immunized with Gag VLPs, standard VLPs(Gag/Env), chimeric VLPs (Gag/Env/ccl20) and standard VLPs mixed with soluble CCL20 (Gag/Env-ccl20) by different immunization routes. The sera and vaginal wash samples were collected 2 weeks after each immunization and final samples were tested in the present study. **a**, Serum IgG titers; **b** and **c**, IgG and IgA titers of vaginal wash, respectively. Assays were performed as described in materials and methods. Results are expressed as means ± standard deviations. *P* values of less than 0.05 (*p* \< 0.05) were considered to be statistically significant. \*, *p* \< 0.05

The mucosal responses (Fig. [2](#Fig2){ref-type="fig"}, panels b and c) suggested the trend that i.n. and IV boost dramatically improved vaginal IgG and IgA immune responses as compared to i.m. boost. Based on the above data, we found that significantly augmented mucosal antibody responses can be achieved by mucosal boost immunization strategy in which CCL20 is integrated to Env-VLP and co-expressed as a vaccine adjuvant.

Cytokine production by HIV VLPs stimulated lamina propria cells {#Sec13}
---------------------------------------------------------------

Lymphocytes isolated from lamina propria were re-stimulated with HIV Env-gp120 to quantify Th-1 and Th-2 type cytokine production. Our results in Fig. [3](#Fig3){ref-type="fig"} panel a showed that cVLPs, as compared to standard VLPs, significantly increased the IFN-γ production of lamina propria cells collected from i.n. and IV groups. Specifically, cVLPs immunized mice achieved 4-fold (751 pg/ml,\**p* = 0.0332) higher level of IFN-γ than that from the Gag/Env group (169 pg/ml). In group 1 (i.m. boost), the IFN-γ production was also enhanced in the splenic lymphocytes. Similar results were observed for IL-4 and IL-5 (Fig. [3](#Fig3){ref-type="fig"} panels b and c). On the other hand, the standard VLP mixed with CCL20 didn't show any significant boosting effect. Further, the mucosal boosts showed significant potency in inducing cytokine production in cVLP immunized groups. These data suggest that CCL20-incorporated HIV VLPs can effectively enhance cytokine production when administered via the intranasal or intravaginal routes of immunization.Fig. 3HIV gp120-specific Th1/Th2-associated cytokine production. Lamina propria cells isolated from immunized mice (1 × 10^7^cells) were stimulated with gp120 (20μg/ml) for 5 days, and cytokine production was quantified afterward. HIV gp120-specific cytokine production in HIV-VLPs treated mice is shown. Panels **a**, **b** and **c** represent the quantified IFN-γ, IL-4, IL-5 concentrations (pg/ml), respectively, in the supernatants from ex vivo HIV-VLPs re-stimulated lamina propria cells. Results are expressed as means ± standard deviations. *P* values of less than 0.05 (*p* \< 0.05) were considered to be statistically significant. \*, *p* \< 0.05

Env-specific IgA ASCs in lamina propria {#Sec14}
---------------------------------------

Given that antigen-specific IgA induction constitutes the main adaptive immune responses against pathogen at mucosal sites, we evaluated the distribution of Env-specific IgA ASCs induced by different immunization routes in small intestine. After the last immunization, the number of Env-specific IgA ASCs in different immunization groups was quantified by ELISPOT. As shown in Fig. [4a](#Fig4){ref-type="fig"}, both i.n. and IV immunizations by cVLPs induced increased number of Env-specific IgA ASCs suggesting that the VLP-incorporated CCL20 effectively induced chemotaxis of their responsive cells to intestine. In i.n. immunized group, incorporated CCL20-responsive Env-specific IgA ASCs showed a 4.5-fold (62 IgA-secreting plasma cells/10^6^ cells, \**p* = 0.0325) increase as compared to that of the mice immunized by soluble CCL20 mixed with VLPs (13 IgA-secreting plasma cells/10^6^ cells). Similar trend was seen in IV immunized mice, however, with a slightly lower number of ASCs in cVLP immunized group compared to that from i.n.-cVLP group. Our data therefore demonstrated that CCL20 may play a role in immunocyte migration to certain effector sites when administered by i.n. or IV rather than the i.m. route.Fig. 4Effect of CCL20 on the level of mucosal IgA-ASCs. Distribution of Env-specific IgA ASCs at the mucosal level in BALB/c mice immunized with various HIV VLPs by different routes i.m., i.n., IV is shown in panel **a**. Lymphocytes were prepared from lamina propria of small intestine. Effect of blocking CCL20 on intestinal homing of Env-specific IgA ASCs was shown in panel **b**. BALB/c mice were immunized with HIV VLPs in different routes and also injected i.p. with PBS or anti-CCL20 mAb. After 6 days, lymphocytes were prepared from lamina propria of small intestine. IgA ASCs were enumerated by ELISPOT. The results of ELISPOT images were from cVLPs immunized groups. Data represent mean ± SD and statistically significant differences are represented

To explore the role of CCL20 in intestinal homing of plasma cells, we examined the effect of in vivo neutralization of CCL20 on homing of Env-specific IgA ASCs into intestine in mice immunized with VLPs. As shown in Fig. [4b](#Fig4){ref-type="fig"} and in comparison with the data from Fig. [4a](#Fig4){ref-type="fig"}, anti-CCL20 treated groups showed reduced numbers of Env-specific IgA ASCs, indicating that CCL20 indeed plays a role in induction of Env-specific IgA ASCs.

Discussion {#Sec15}
==========

Mucosal transmission of HIV infection accounts for as high as 80% of AIDS \[[@CR28]\]. It is generally believed that the induction of effective immune responses at mucosal portals of viral entry offers the best protection against HIV \[[@CR29]\]. To date, an HIV vaccine with fully protective efficacy is not yet available. An effective HIV vaccine should not only induce systemic immune response to clear disseminated viruses, but also promote mucosal immune responses to block transmission. Our previous studies have shown that incorporation of cytokines as adjuvants promotes enhanced mucosal and systemic responses with improved quality \[[@CR30]\]. The important roles that cytokines play in modulating immune responses induced by various vaccines have also been established \[[@CR31]\]. Given the important roles that CCL20 and its receptor CCR6 play in leukocyte maturation, migration as well as mucosal immunity, we set out to investigate the potential of this chemokine as a molecular adjuvant for HIV vaccine for improved mucosal and systemic responses.

In the present study, engineered membrane-bound CCL20 was co-incorporated with HIV Env into VLPs and the resulted cVLPs were tested for their efficacy in promoting enhanced immune responses. Data from Fig. [2](#Fig2){ref-type="fig"} strongly indicated that the co-incorporation of CCL20 into VLPs arguments both serum as well as mucosal immune responses as reflected by significantly improved IgG and IgA titers in serum as well as vaginal samples from i.n and IV boost groups. IgA is an important type of mucosal antibody involved in the first line of defense of pathogens and capable of inhibiting virus transcytosis through epithelial layers and has potent neutralizing activity \[[@CR15]\]. Therefore, a vaccine capable of eliciting IgA response could be beneficial by contributing to the containment of HIV infection.

It is well established that T cell responses are crucial for clearing viral-infected cells and controlling viral replication. T cell responses are beneficial to host immune defense against HIV infection \[[@CR32], [@CR33]\], and CD4^+^ T cell responses are critical for humoral responses. We evaluated the T cell responses (Ag-specific Th1- and Th2 associated cytokine induction) induced by various VLPs. Results in Fig. [3](#Fig3){ref-type="fig"} demonstrated that incorporated CCL20 enhanced both Th1 and Th2 responses in mice when the cVLPs were boosted by i.n. or IV routes.

To further confirm the adjuvant effect of CCL20, the level of Env-specific IgA ASCs was evaluated by ELISPOT. Our data (Fig. [4a](#Fig4){ref-type="fig"}) suggested that cVLPs induced elevated level of Env-specific IgA ASCs as compared to standard VLPs. To verify the contribution of CCL20 to the elevated level of IgA ASCs and homing of Ag-specific IgA ASCs into small intestine in mice immunized with CCL20, CCL20 was neutralized by its monoclonal antibodies. The level of Env specific IgA ASCs in the lamina propria was reduced (Fig. [4b](#Fig4){ref-type="fig"}), indicating that the homing of Env specific IgA ASCs was partially blocked by anti-CCL20 in small intestines. The impaired IgA ASCs level implied that CCL20 may play a role in improving IgA responses and the partially blockage by anti-CCL20 antibodies can be explained as the following. The chemokine and their receptors contribute to accumulation of specific leukocytes in various tissues \[[@CR34]\], and it is well established that chemokine and tissue-specific adhesion molecules are involved in the migration of Ab-secreting cells. It is possible that some Env specific IgA ASCs are still capable of entering into intestinal tissues by responding to other chemotactic factors, such as CCL25, CCL28 and their corresponding receptors CCR9 and CCR10, which enables plasma B cells to migrate to mucosal tissues \[[@CR35]\]. Mucosa-associated Epithelial Chemokine (MEC/CCL28), a well-known ligand for CCR10, is commonly produced by epithelial cells at several mucosal sites and attracts IgA- but not IgG or IgM-producing ASCs into the intestines, lungs, and oral cavity \[[@CR36]\]. Others reported that CXCR4 and its ligand CXCL12 are involved in the translocation of plasma cells within the splenic and lymph node as well as in their homing to the bone marrow \[[@CR12]\]. Additionally, down-regulation of CCR7 and CXCR5 will allow the B cells to migrate to efferent lymphatic vessels \[[@CR37]\]. Further, CCL25 plays essential roles in intestinal homing of IgA ASCs \[[@CR38]\]. Taken together, it is possible that the residual IgA ASCs were detectable due to other chemokine activities which can exert influence on the migration of lymphocytes.

Based on the above results, we concluded that immunization with cVLPs containing membrane anchored CCL20 induced enhanced Env-specific serum and mucosal immune responses, cytokine secretion, as well as IgA^+^ plasma cell production. It is noteworthy that, in contract to the VLP-incorporated CCL20, the soluble CCL20 has no adjuvant effect by i.n. nor IV immunization when mixed with HIV standard VLPs based on data shown in Figs. [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}. The different delivery approaches of CCL20 may contribute to the difference in association between CCL20 and antigen and therefore the adjuvant function of CCL20. In cVLPs, co-incorporated CCL20 is more likely to be co-presented with Env and accessed by APCs due to the established advantage of VLPs as efficient vaccine platform \[[@CR39], [@CR40]\]. CCL20 can bind to surface CCR6 on APC or other lymphocytes and thus effectively facilitate VLP uptake and antigen processing and presentation. In contrast, soluble CCL20 may be poorly associated with Env and may not interact with or recruit APCs as efficiently as its VLP-incorporated counterpart.

Another important question we asked in this study is whether immunization boost by i.n. or IV route is capable of inducing enhanced mucosal immune responses. The Gut Associated Lymphoid Tissue (GALT) contains the majority of T cells, and many studies have shown that GALT is the preferential target for HIV replication during infection \[[@CR13], [@CR14]\]. Therefore, mucosal vaccine holds great promise for effective HIV prophylactic. Our data suggest that i.n. or IV boost indeed induced highly augmented levels of IgG and IgA in vaginal wash when mice were immunized with cVLPs. In contrast, i.m. administration and boost of HIV cVLPs induced mainly systemic rather than mucosal immunity (Fig. [2](#Fig2){ref-type="fig"}). Further, i.n. or IV boost also elevated the level of Env-specific IgA ASCs in the intestine lamina propria as well as cytokine secretion (Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}). It is intriguing to check out if i.n. boost, as a non-invasive route, has any different effect on mucosal immune responses compared to IV. As suggested by our data, no significant advantage of i.n. over IV boost. The primary function of the mucosal immune system is to protect the host from invading pathogens. It is well established that immunization route is critical in determining the nature of induced immune responses. Our data generally support the notion that i.m. route may favor the induction of systemic response, whereas i.n. or IV route might promote mucosal response \[[@CR11]\].

Conclusions {#Sec16}
===========

In summary, the present study demonstrated that CCL20 could be an effective mucosal adjuvant for HIV vaccine. It promotes enhanced Env-specific mucosal responses. Importantly, our data also suggest that i.m. prime followed by mucosal boost is critical and required for CCL20 to exert its full function as an effective mucosal adjuvant. In summary, co-incorporation of CCL20 into Env VLPs when combined with mucosal administration could represent a novel and promising HIV vaccine candidate.
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